Abstract-We present the microfabrication of a solid immersion lens from silicon for scanning near-field optical microscopy. The solid immersion lens (SIL) achieves spatial resolution better than the diffraction limit in air without the losses associated with tapered optical fibers. A 15-m-diameter SIL is formed by reflowing photoresist in acetone vapor and transferring the shape into single-crystal Si with reactive ion etching. The lens is integrated onto a cantilever for scanning, and a tip is fabricated opposite the lens to localize lens-sample contact. Using the Si SIL, we show that microfabricated lenses have greater optical transparency and less aberration than conventional lenses by focusing a plane wave of 633-nm light to a spot close to a wavelength in diameter. Microlenses made from absorbing materials can be used when the lens thickness is comparable to the penetration depth of the light. Tolerance to errors in curvature and thickness is improved in micromachined lenses, because spherical aberrations decrease with lens diameter. We demonstrate scanning near-field optical microscopy with the Si SIL and achieve spatial resolution below the diffraction limit in air by resolving 200-nm lines with 633-nm light.
angle of rays in the focused beam, and is the index of refraction at the focus. The spot size of focused light also corresponds to the Sparrow criteria for two-point spatial resolution of the system [3] . Fig. 1(a) shows light focused on a sample in air with a maximum angle and through a hemispherical solid immersion lens (SIL) of index and radius with the same maximum angle . When light is focused onto the flat surface at the geometrical center of the lens, the effective wavelength inside the SIL is reduced by a factor , and the spot size is reduced by the same factor from its value in air. The focused spot sizes of the two cases are calculated with the vector diffraction theory of Richards and Wolf [4] and given in Fig. 1(b) . In a superspherical SIL, light is focused to a point below the geometrical center, and refraction at the lens surface increases the maximum angle of the light within the lens. Like the hemispherical SIL, the of the superspherical SIL can be increased to a maximum value of :
We report the microfabrication of a 15-m-diameter solid immersion lens from single-crystal silicon for scanning near-field optical microscopy. Spatial resolution is governed by the size of the focused spot in Si ( at m) rather than in air. The microlens has the advantage that it is thin enough to transmit light at wavelengths where Si is absorbing. In addition, the microlens has less spherical aberration than larger diameter lenses, so lens shape is less critical than it is for conventional SILs. We demonstrate focusing with the microfabricated Si SIL at nm and use the scanning SIL to resolve 200-nm lines in transmission mode.
II. SOLID IMMERSION MICROSCOPY
Conventional solid immersion lenses are made by lapping and grinding techniques and have diameters of 1 mm or larger. They have been used to improve spatial resolution in a variety of applications. However, the problem of maintaining a sufficiently small spacing between the SIL and sample limits the use of conventional SIL's and motivates the microfabrication of SILs on cantilevers for scanning near-field optical microscopy.
A. Applications of Solid Immersion Microscopy
Recent applications of solid immersion microscopy have included imaging, data storage, and photolithography. Mansfield and Kino imaged 100-nm lines using 436-nm light and a hemispherical SIL, reaching [2] . Sasaki et al.studied photoluminescence of quantum wells at low-temperatures using a superspherical TaF-3 glass SIL [5] , and Wu et al. demonstrated using a hemispherical GaP SIL [6] . Ghislain and Elings scanned a superspherical cubic zirconia SIL with [7] . Data storage applications of the SIL include magneto-optical and phase-change bit writing and reading. Mansfield et al. read bits from an optical disk with a hemispherical SIL [8] , and Terris et al. used a superspherical SIL with to write 317-nm bits in a magneto-optic material [9] . Phase-change optical recording has been demonstrated by Hirota et al. using a hemispherical GaP SIL with . Ghislain et al. exposed 190-nm lines in photoresist using a hemispherical SIL with a wavelength of nm [10] .
B. Limitations of Large Solid Immersion Lenses
The spatial resolution of a conventional SIL is limited by lens aberrations and lens-sample separation. For optimum resolution, the surface to be imaged must be positioned within the near field of the SIL, where evanescent fields created by totally internally reflected rays decay exponentially. If topographical variations in the lens or sample cause separations greater than approximately 100 nm at visible wavelengths, the exponential decay and spreading of the focused fields in air reduce both transmittance and resolution. It is difficult to maintain uniform contact over a 30-m-diameter field of view typical of a conventional SIL because of sample topography and nonplanarity of the lens surface adjacent to the sample. A solution to this problem, with improved optical transparency and increased tolerance to curvature and thickness errors, is scanning solid immersion microscopy with a microfabricated SIL.
Similar to scanning near-field optical microscopy and atomic force microscopy, scanning solid immersion microscopy with a SIL integrated onto a cantilever collects images serially by illuminating one point at a time [7] . A tip formed at the focus of the SIL localizes contact between the lens and sample while scanning, as shown in Fig. 2 . For soft samples, the integrated SIL and cantilever can be held at a constant distance from the sample surface using force-feedback control. Microfabrication offers a method for batch fabrication of lenses with diameters on the order of microns. Silicon is an attractive lens material for scanning solid immersion microscopy because of its large index of refraction and well-developed micromachining technology base. The large refractive index enables us to obtain a large for high spatial resolution microscopy.
III. MICROFABRICATION OF A SILICON SOLID IMMERSION LENS
Fabrication of a Si solid immersion lens with a cantilever and tip involves creating a smooth spherical microlens and patterning both sides of a thin Si cantilever. We develop a solvent reflow and reactive ion etch transfer method for fabricating microlenses on the order of 10 m in diameter, and we use anodic bonding to a Pyrex wafer to access both sides of the cantilever.
A. Review of Microlens Fabrication Techniques
Arrays of microlenses have been fabricated for use in focal plane array CCD cameras, wavefront sensors, and fiber collimators [11] , [12] . Photolithography is used to create refractive microlenses in both photosensitive polymers and substrates. Cylindrical pillars are defined in photoresist and heated to reflow the material into a curved shape. Popovic et al. used pedestals to control spreading of the lens during heating [13] , and Daly et al. and Jay and Stern preformed the resist to define the lens shape prior to heating [14] , [15] . To avoid contact angle limitations of thermal reflow methods, Erdmann and Efferenn used a photoresist solvent vapor to make 1 mm diameter lenses with 20 mm focal lengths [16] . The photoresist lens shape can be transferred into a substrate material with reactive ion etching (RIE). Savander demonstrated Si and glass lenses with less than 0.13 in air [17] , and Jones et al. fabricated Si microlens arrays for use as concentrators in a CdHgTe infrared photodetector [18] . Techniques based on laser and electron beam writing have also been used to create refractive microlenses in a variety of materials [19] - [21] . Other refractive microlens fabrication techniques include lift-off, molding, the hydrophobic method, gradient index doping, and microjet printing [22] - [25] .
B. Lens Formation
We fabricated the Si SIL and cantilever from the upper singlecrystal Si layer of a silicon-on-insulator (SOI) wafer. The fabrication process flow is shown in Fig. 3 . In Step 1, a photoresist pillar 5 m in diameter is patterned in a mask aligner from 7-m-thick photoresist. The pillar is reflowed by acetone vapor in a closed container at 20 C for approximately 15 min. An initial quantity of 300 mL of liquid acetone per cubic meter of container volume is added. The acetone vaporizes and is absorbed by the photoresist, reducing its viscosity and causing it to reflow, as indicated in Step 2. The final shape of the pillar after reflow is a function of reflow time, acetone vapor concentration in the sealed container, and aspect ratio of the original photoresist pillar. Images of a photoresist pillar at three different times during the acetone reflow are shown in Fig. 4 . After reflow, the photoresist is baked in a convection oven at 90 C to drive out the solvents.
We etched lenses in the top single-crystal Si of the SOI wafer by transferring the photoresist lenses with RIE in Step 3. Transfer of a photoresist shape into Si requires control over the relative etch rates of resist and Si. Standard RIE recipes for Si are designed to be highly selective for Si with minimum removal of photoresist. Here an etch rate of photoresist comparable to that of Si is desired. A recipe based on CF and O gases was developed to enable control of the relative etch rates of silicon and photoresist. Equal etch rates for directly transferring the photoresist lens shape into Si are obtained with approximately equal flow rates of CF and O at a chamber pressure of 300 mT. The etch rates of Si and photoresist can be adjusted to create parabolic or aspheric lenses by altering the relative gas flow rates. In Step 4, a 0.3-m-thick thermal oxide layer is grown on the lens above the glass transition temperature at 1100 C to serve as an etch stop for the cantilever etch.
C. Tip and Cantilever Fabrication
A tip is needed opposite the lens at the focal point to localize the contact between lens and sample during scanning. To access the bottom side of the silicon lens, a Pyrex handle wafer is attached to the top Si of the SOI wafer. Trenches are first etched in the Pyrex wafer to protect the lenses during anodic bonding and to define the length of the cantilever. The Pyrex wafer is coated with a 1000-Å Cr sticking layer and patterned with photoresist, as indicated in Step 5. The Cr is removed from the Pyrex where the trenches are to be etched. Trenches approximately 10 m deep are etched with a HF HNO H O mixture.
Step 5 finishes with stripping the photoresist and removing the remaining Cr. In Step 6, the Pyrex wafer with trenches is aligned over the lenses and anodically bonded at 900 V and 350 C. The bulk Si of the SOI wafer is removed in Step 7 with a 14-h etch in 25% TMAH that stops on the buried oxide. The buried oxide is then cleared with 6:1 buffered oxide etch (BOE). Fig. 5 is an optical image of the Si lenses and thin film suspended over a trench in Pyrex.
A circular tip is patterned on the suspended Si membrane centered on the lens in Step 8. The size of the tip is varied by a procedure similar to that used for forming the lenses. The tips are etched in an isotropic CF O RIE in Step 9 leaving a flat top that compensates for possible misalignment of lens and tip during photolithography. In Step 10, 30-m-wide cantilevers are patterned on the suspended Si film with the lens centered at the end. The cantilever is etched in an isotropic Cl CF RIE in Step 11, stopping on the thermal oxide layer grown on the lens and cantilever in Step 4. The oxide is removed in 6:1 BOE to release the cantilevers. Individual die with integrated lenses and cantilevers are separated with a wafer saw in Step 12. A single lens and cantilever with a tip is shown in Fig. 6(a) , and a one-dimensional array of integrated lenses and cantilevers is shown in Fig. 6(b) . 
IV. OPTICAL PERFORMANCE OF THE SIL
Silicon solid immersion lenses 5-20 m in diameter were fabricated according to the process described above. The integrated silicon cantilever is 30 m wide, 3 m thick, and extends beyond the Pyrex handle wafer approximately 150 m. The tip fabricated below the lens is typically 1 m tall with a flat top 2-4 m in diameter. Though the spatial resolution of optical microscopy with the microfabricated Si SIL is governed by the size of the focused spot in Si rather than the tip diameter, a taller and sharper tip would be needed for scanning samples with tall, closely spaced features. The focus of the lens at the tip is approximately 3 m below the geometrical center of the lens, which is with 20% of the ideal for a superspherical SIL. Several lenses were imaged with an AFM to characterize the shape and surface roughness of lenses made by the acetone reflow and RIE transfer technique. Root-mean-square (rms) variation in lens radius from the average of a best-fit sphere is less than 4%, as shown in Fig. 7 . The rms surface roughness of the lens is estimated from the AFM scans to be less than 15 nm, which is better than for nm.
A. Transmission
A solid immersion lens improves spatial resolution by focusing light through a high refractive-index material rather than blocking light with a metal aperture. Losses in transmittance of a SIL are due to reflections and absorption. Silicon has an index of refraction in the near-and mid-infrared spectrum, with absorption increasing for wavelengths less than nm. If the thickness of an absorbing microlens is comparable to the penetration depth of the light, the lens can be used to focus wavelengths where the material is normally opaque. For a 5-m-thick Si lens, less than 90% of the light is absorbed for wavelengths as small as nearly nm. We have demonstrated focusing and imaging with the SIL using a HeNe laser operating at nm. Though the penetration depth of Si is 2.7 m at this wavelength, the 15-m-diameter lens transmits approximately 3% of the incident light including surface reflections. This optical throughput is better than that of a tapered optical fiber with a metal aperture, where transmittance is typically worse than [26] . The increase in absorption of Si with decrease in wavelength is accompanied by a rise in the real part of the refractive index. The real index of Si increases to at nm from at nm. Use of the Si SIL for wavelengths greater than nm eliminates absorption losses, leaving only reflection losses to reduce optical throughput.
B. Focusing
A lens cannot be used to focus light to a diffraction-limited spot in the presence of aberrations. However, the effect of aberrations is reduced in small lenses. Geometrically, a converging spherical wave will form a spot at the geometrical center of a spherical lens since all rays intersect the lens normal to its surface. Plane waves or off-axis converging waves incident on a spherical surface will experience spherical aberration where a ray striking the surface of the lens at a large angle to the surface normal focuses to a different point than a ray incident at a small angle to the surface normal. The spread of high-and low-angle rays focused to the optical axis broadens the lateral distribution of rays in the paraxial focal plane. This spread of rays prevents the lens from focusing to a diffraction-limited spot. Consider a ray in air parallel to the -axis incident on a sphere of diameter and index , as shown in Fig. 8 . A radius through the point of intersection on the lens surface makes an angle with an axis parallel to the ray. This ray is refracted at the lens surface and focused at a point behind the geometrical center of the sphere, making an angle with the axis. Paraxial rays form a spot at the paraxial focus at given by (1) The focal spread along the optical axis can be obtained from the difference between the focal positions of a ray at an angle to the surface and a paraxial ray in the sphere according to [27] (2)
Note that the focal spread along the optical axis is directly proportional to sphere diameter . Lateral focal spread at the paraxial focus can be obtained from and is also directly proportional to the sphere diameter.
The lateral spread of rays at the paraxial focus can be decreased by reducing the sphere diameter or by increasing the lens refractive index. Spherical aberrations no longer limit the spot size when the focal spread becomes comparable to half the diffraction-limited spot size . The diameter at which this occurs can be estimated to be (3) where is the maximum angle of incidence. When and the lens refractive index is , the lateral spread due to spherical aberration is comparable to the diffraction limited spot size when . We have investigated the reduction in spherical aberration of small lenses more rigorously with Mie theory and found similar results [27] .
We demonstrated focusing of a nearly plane wave with a 15-m-diameter microfabricated Si SIL at nm. As diagrammed in Fig. 9(a) , a HeNe laser is focused to a spot with an illumination lens , and the spot is imaged with a collection objective and CCD camera. The Si SIL is inserted at the focus, and its effect on the beam is recorded with the CCD. The low lens that illuminated the SIL creates a nearly planar incident wave at the surface of the lens. Assuming a paraxial Gaussian beam, the radius of curvature of the incident wave is estimated to be greater than 17 mm [28] , which is more than 3 orders of magnitude larger than the lens radius of curvature. Fig. 9(c) shows the focused spot with and without the lens. Normalized profiles of the spots fit to Gaussian curves are shown in Fig. 9(b) . While a 1-mm-diameter spherical lens is expected to have a 30-m focal spread at the paraxial focus due to spherical aberration, the FWHM of the spot with the Si SIL is close to one wavelength. The SIL reduces the spot FWHM by a factor of 15.7.
C. Imaging
To achieve spatial resolution below the diffraction limit in air, the Si SIL must be held within the near field of the sample. Visible imaging with a 15-m-diameter microfabricated Si SIL was demonstrated at nm by scanning a grating below the tip of the SIL and collecting transmitted light. The grating is 1000-Å-thick Ti lines on quartz with a linewidth of 200 nm. It is scanned in contact with the SIL in the microscope diagrammed in Fig. 10(a) . A HeNe laser is focused by an illumination objective into the SIL above the grating, and light passing through the grating is gathered by a collection objective and measured with a photodetector. A chopper and lock-in amplifier are used to improve the signal-to-noise ratio (SNR). Fig. 10(b) shows a two-dimensional scan of the 200-nm linewidth grating resolved by the microfabricated Si SIL. The normalized transmitted intensity ranged from 0.35 over a line to 0.65 over a space, where 0.5 is the average transmittance. We found the spatial resolution of the image taken with the SIL to be a factor of 2.8 greater than the same image taken without the SIL. Improvement in resolution by a maximum of 3.9 may be possible with a larger maximum illumination angle and perfect alignment. The Si SIL can also be operated in the infrared where Si is transparent. We have demonstrated infrared imaging with a spot size of at m [29] and refraction contrast imaging at m with spatial resolution of [30] .
V. CONCLUSION
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